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Introduction
The application of mesoporous carbon (MC) as a catalyst support material has been studied extensively due to its favorable properties for PEM fuel cell electrodes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The high surface area allows for a fine dispersion of Pt nanoparticles, thus resulting in a large active catalyst surface. The interconnected porous structure favors the mass transport of reactants and products [9, 10] . The beneficial mass transport properties are particularly relevant for direct methanol fuel cell electrodes where effective transport of methanol to the active sites and rapid removal of CO 2 gas bubbles is crucial [5, 6] . Further, it was demonstrated that the performance of hydrogen PEM fuel cells improved by employing mesoporous carbon compared to using non-porous carbon or activated carbon [2, 9] .
A major issue concerning the catalyst support durability is carbon corrosion, which occurs at potentials that are higher than 0.9 V vs. RHE [11] . This carbon support disintegration leads to a significant loss of the active catalyst area, thereby causing a decrease of the fuel cell performance. In particular, fuel cells applied in automobiles suffer high performance losses due to carbon corrosion, as the cell potential can reach up to 1.5 V during start-up-shut-down cycles. It is therefore important to explore alternative materials that can provide improved stability compared to carbon. Several research groups investigated titanium, tungsten and zirconium oxide supports with size features in the nanometer range [12] [13] [14] [15] [16] [17] [18] . Recent results in our group showed that Pt supported on titanium dioxide nanofibers is more stable compared to conventional carbon black [18] . However, the relatively low conductivity of titania imposes a certain limitation on the performance.
TiO 2 and carbon can be combined to form nano-composite catalyst supports [19] [20] [21] [22] . Von Kraemer et al. showed that such a modified support performed comparably to Pt/C in a PEM fuel cell [19] . Tian et al. demonstrated an improvement in durability for Pt-TiO x /C relative to Pt/C for PEM fuel cell operation without humidification, which was explained in part by the ability of TiO 2 to retain water [22] .
In this work we present the synthesis and characterization of a novel composite of mesoporous carbon and TiO 2 nanoparticles. The purpose of this approach is to achieve enhanced durability compared to conventional mesoporous carbon supports while maintaining a high conductivity and providing adequate mass transfer of the chemical species in the fuel cell catalyst layer. 
Experimental

Mesoporous carbon synthesis
A detailed description of the mesoporous carbon fabrication was reported elsewhere [23, 24] . As a first step mesoporous silica (SBA-15) was prepared by using a triblock copolymer, EO 20 -PO 70 -EO 20 (Pluronic P123, BASF), and tetraethyl orthosilicate (TEOS, Aldrich) [24] . Pluronic P123 (4.0 g) was dissolved in 30 g of DI H 2 O, and 120 g of 2 M HCl solution were added while stirring at 35 • C. TEOS (8.5 g) was added and the solution was stirred at 35 • C for 20 h. The mixture was then aged at 80 • C overnight without stirring. The solid was filtered, washed with water, and dried in air at 25 • C. The dried sample was calcined in air at 500 • C for 6 h.
To synthesize the mesoporous carbon, 1 g of SBA-15 was added to a solution composed of 1.25 g of sucrose and 0.14 g of H 2 SO 4 in 5 g of H 2 O [25] . The mixture was dried in an oven at 100 • C. Then the temperature was increased to 160 • C and maintained for 6 h. The silica sample, containing partially polymerized and carbonized sucrose, was heat-treated again in the same manner after the further addition of 0.8 g of sucrose, 0.09 g of H 2 SO 4 and 5 g of H 2 O. The carbonization was completed by heating to 900 • C in an inert (N 2 ) atmosphere. The carbon-silica composite obtained after pyrolysis was washed with 5% HF to remove the silica template. The product was filtered, washed with ethanol, and dried at 120 • C.
To incorporate the TiO 2 , 0.1 g mesoporous carbon was mixed with 20 mL isopropanol, stirred for several minutes. Then 0.105 mL Ti-isopropoxide (98%, Acros) was added. The mixture was stirred overnight. Isopropanol was removed by centrifugation, and the material was further washed with acetone. The sample was air dried at T =80 • C overnight. The Ti content was 20 wt%, as determined by energy dispersive X-ray spectroscopy (EDX).
Pt nanoparticle deposition
To prepare the deposition bath, 0.1 g mesoporous carbon (or TiO 2 coated MC) was mixed with 100 mL ethylene glycol and then sonicated for 10 min. The Pt precursor, 52 mg H 2 PtCl 6 (Aldrich), was dissolved in 12 mL ethylene glycol and sonicated for 5 min. Further, 16 mg NaOH was dissolved in 0.4 mL ethylene glycol and sonicated for 5 min. The Pt precursor and NaOH solutions were added consecutively to the mesoporous carbon slurry while stirring. The slurry was placed in a vacuum oven at 20 • C for 1 h to facilitate the Pt precursor transport into the pores. Then the Pt deposition was carried out by heating the bath in a microwave oven, which was operated at 600 W for 90 s. The solvent was removed with a centrifuge, which was run four times for 8 min at 11,000 rpm, while replacing the liquid with fresh deionized H 2 O each time. The Pt coated mesoporous carbon (or TiO 2 coated MC) was dried in an oven at 80 • C overnight.
BET area measurements
The specific surface area of the mesoporous carbon supports was measured using the Brunauer-Emmet-Teller (BET) method. The surface area analyzer was a SA3100 model built by Beckman Coulter.
XRD analysis
Powder diffraction experiments were carried out with a Bruker D8 diffractometer equipped with a graphite monochromator and a vertical goniometer, using Cu-K␣ radiation. 
TEM imaging
Transmission electron microscopy was carried out with a Hitachi H7600 microscope operated at 100 kV.
Electrochemical testing
All electrochemical experiments were conducted with a Solartron multistat instrument (controlled with Corrware software, Scribner Associates Inc., USA) and a three-electrode set-up in a glass cell. The working electrode was a glassy carbon rotating disk electrode (RDE) (Pine Instrument) with a geometric area of 0.196 cm 2 , and a Pt wire counter electrode was employed. The reference electrode was a Hg/HgSO 4 type electrode, which contained a 30 wt% sulfuric acid solution (Koslow Scientific). The catalyst powder was dispersed in isopropanol by sonication for 20 min before depositing the selected Pt loading of 48 gcm −2 onto the electrode using a micropipette. The Pt content relative to the support material was 20 wt%. A Nafion film was cast by applying 7.1 L of a 1:100 solution of 5 wt% Nafion in methanol onto the powder coated RDE. To clean the Pt surface each freshly prepared electrode was cycled 20 times in N 2 purged 0.5 M H 2 SO 4 in the range of 0.05 to 1.2 V vs. RHE at a scan rate of 50 mV s −1 .
To assess the electrochemical catalyst stability, cyclic voltammetry was carried out at 100 mV s −1 , performing 1000 full cycles from 0.05 to 1.25 V vs. RHE. The active Pt surface observed after 100, 500 and 1000 cycles was estimated based on the H 2 adsorption charge obtained in the range from 0.05 to 0.35 V vs. RHE. A hydrogen adsorption charge of 210 Ccm −2 was assumed for the active Pt area estimation [26] .
Oxygen reduction reaction (ORR) tests were conducted using linear sweep voltammetry with O 2 saturated 0.5 M H 2 SO 4 . The rotation rate was 1600 rpm. The potential was decreased from 1.1 to 0.4 V vs. RHE at a scan rate of 5 mV s −1 . The ORR activity was determined for fresh catalysts and catalysts that were 'aged' by performing 1000 cycles as described above. All electrochemical tests were carried out at 20 • C and ambient pressure, and the current density is reported as current per geometric electrode area.
Results and discussion
BET
The adsorption isotherms for mesoporous carbon and mesoporous carbon coated with TiO 2 and Pt are presented in Fig. 1 . As expected, the pore volume and the surface area decreased [9] . The highest surface area values were 724 and 672 m 2 g −1 (with Pt), and the corresponding pore volumes were 2.02 and 1.7 cm 3 g −1 , respectively. These values resulted from applying a silica to carbon ratio of 3.
XRD
The XRD patterns for mesoporous carbon with Pt catalyst are shown in Fig. 2 . The measurement for the modified MC revealed that TiO 2 was present in the anatase phase, as indicated by the additional peaks at ∼55 • and ∼64 • . The Miller indices for Pt are shown in the graph. The formation of the anatase structure can be expected after the heat treatment at 900 • C in an inert atmosphere, whereas the rutile structure would form at higher temperatures in N 2 or result from heat treatment in a reducing atmosphere at similar temperatures [12] . Since the sample was treated at 900 • Cwe expect the TiO 2 component to be crystalline. The very high background intensity seen in the diffractograms (Fig. 2) originates from amorphous carbon. The background intensities are very similar for 3.3. TEM
The Pt particle size was larger when TiO 2 was present compared to unmodified mesoporous carbon, as shown in Fig. 3 . The mean Pt particle diameter increased from 3.9 to 5.9 nm. For comparison, Wikander et al. employed a water/oil microemulsion method, and observed a particle diameter of 3 nm on ordered mesoporous carbon by both TEM and STEM analysis [1] . Joo et al. reported a Pt particle size of 3.5-4 nm for deposits on mesoporous carbon obtained by reduction with formaldehyde [9] . As presented in Fig. 3 , Pt is well dispersed on both the pure carbon and the TiO 2 coated carbon support, which indicates that the presence of TiO 2 does not adversely affect the homogeneity of the catalyst dispersion. Pt is probably located on both carbon and on the TiO 2 surface. The other possible location for Pt is the grain boundary between carbon and TiO 2 , where Pt agglomeration may occur. This type of agglomeration would explain the increased Pt particle diameters observed for Pt on MC-TiO 2 (see histograms in Fig. 3 ).
Electrochemical stability assessment
As described in Section 2.6, the active Pt surface area was monitored as an indicator of the catalysts' electrochemical stability during potential cycling. The double layer charge, typically observed at ∼0.4 V vs. RHE may be masked by the pronounced broad peaks at ∼0.5 and ∼0.6 V vs. RHE on the cathodic and anodic scans, respectively (see Fig. 4 ). Said peaks represent interactions with functional groups on the carbon surface [18] . The peaks obtained during the anodic sweep at higher potentials, i.e. at ∼0.95 and 1.1 V vs. RHE, occurred due to the oxidation of metallic Pt to Pt 2+ and further oxidation to Pt 4+ , respectively. The reduction of the Pt oxides was recorded at ∼0.73 V vs. RHE. Table 2 contains the approximate Pt surface areas for both supports as estimated after 100, 500 and 1000 cycles. Since the double layer charge is unknown, all reported Pt surface areas are approximate, and the reported values are likely lower than the respective true active Pt surface areas.
In general, higher surface areas were obtained with TiO 2 over the course of 1000 cycles, which is consistent with literature reports on TiO 2 modified carbon nanoparticle supports [21] . This behavior can be rationalized by assuming an improved surface wetting [27] or the formation of additional active sites at the Pt/TiO 2 interface [28] . The electrode surface state after 100 cycles was selected arbitrarily as a baseline for estimating the active area loss. The support with TiO 2 was more stable, as it allowed to sustain 53% of the active Pt area at the end of the durability test relative to the baseline. When the unmodified mesoporous carbon support was applied 67% of the catalytic surface area was lost over the course of 900 cycles. Therefore, the presence of TiO 2 improved the durability significantly. It is likely that the double layer charge is higher without TiO 2 [19] , which implies that the relative surface area loss for the unmodified sample may be more pronounced (compared to the case with TiO 2 ) than the decrease indicated by the electrochemical tests. The improved stability observed for Pt/TiO 2 -C can be explained by assuming that the TiO 2 component acts as an inhibitor of the catalyst degradation process, which is mostly due to catalyst detachment from the support as a result of carbon corrosion. Pt is most stable when located at the TiO 2 /carbon boundary or on the TiO 2 surface. Further, parts of the carbon surface may be protected against electrochemical oxidation by the presence of overlaid titania. The Pt particles, which are located at the carbon/TiO 2 interface, stay attached to the titanium oxide during the progressive carbon degradation and therefore remain electrochemically active.
Oxygen reduction activity
The ORR measurements carried out with Pt supported on either unmodified MC or on the TiO 2 -MC composite are shown in Fig. 5 . In both cases there was a decrease in performance in the kinetic and mixed control regions as a result of continuous cycling. The decline was less pronounced when TiO 2 was present. The respective mass activities (measured at 0.9 V vs. RHE) are summarized in Table 3 . The Tafel slopes for Pt on MC and Pt on MC-TiO 2 , which were obtained in the overpotential () range of ∼0.23-0.26 V vs. RHE (see Fig. 6 ), are presented in Table 3 . The true kinetic current density was determined with the following equation:
where i L is the diffusion-limited current density and i is the measured current density [29] . The diffusion-limited current density was approximated by the current density observed at 0.4 V vs. RHE. As shown in Table 3 , the relatively high stability of the support containing titania was beneficial with respect to the ORR activity, as 94% of the Pt mass activity was retained with the aged catalyst compared to a fresh sample of the same composition (17 A g −1 Pt vs. 18 A g −1 Pt ). Without TiO 2 a more pronounced performance drop was found as a result of the durability test: The mass activity decreased Table 3 Oxygen reduction mass activity at 0.9 V vs. RHE and Tafel slopes for freshly prepared catalysts and catalysts that were subjected to 1000 full voltammetric scans. was reported at ∼0.9 V vs. RHE for an E-tek type commercial catalyst (i.e., Pt supported on Vulcan XC-72 carbon particles), whereas Pt on supported porous carbon with a surface area of ∼700 m 2 g −1 yielded a mass activity of ∼3Ag −1 Pt [30] . Carbon is the crucial component within the TiO 2 modified support regarding the electron transfer due to its significantly higher conductivity compared to TiO 2 . Since rutile has only a slightly lower band gap relative to anatase one can expect that no activity enhancement would result from replacing anatase with rutile [31] [32] [33] . However, doping the titania with e.g., Nb would enhance the conductivity (and stability) and may therefore further improve the ORR activity of Pt/TiO 2 -C [18] .
Pt/MC
The higher activity of Pt supported on titania-modified carbon, which was observed after extended cycling, is a result of the catalyst stability provided by TiO 2 , which mainly affects Pt located either on the TiO 2 surface or on the grain boundary between carbon and TiO 2 , as discussed in Section 3.4.
The Tafel slope for both fresh catalysts (Pt/MC and Pt/MC-TiO 2 ) is similar, indicating that the presence of TiO 2 did not change the ORR mechanism [34] . After performing the 1000 cycle durability experiments the Tafel slope increased for the case without TiO 2 whereas a slight decrease occurred with TiO 2 . The increase in Tafel slope for Pt/MC indicates that the transfer coefficient of the ORR decreased, meaning that the ORR kinetics became more sluggish after potential cycling. While for the TiO 2 modified MC, the slight increase in Tafel slope indicates a subtle transfer coefficient increase, i.e., faster reaction kinetics. This is unusual, since typically catalyst degradation occurs after extended potential cycling, lead- ing to slower reaction kinetics. The faster kinetics might be due to an enhanced interaction between Pt and TiO 2 . Due to potential cycling, there might be morphology and/or phase changes for both Pt and TiO 2 , enhancing their interaction.
The Tafel slopes are high compared to the theoretical value (60 mV dec −1 [35] ) and selected experimental data. For example, measurements conducted by Kucernak et al. yielded a Tafel slope of 58 mV dec −1 for mesoporous Pt attached to a microelectrode [36] . Guilminot et al. obtained 70 mV dec −1 for a commercial Etek catalyst and ∼70-80 mV dec −1 for porous carbon supported Pt [30] . We propose that there likely are intrinsic mass transport limitations due the porous nature and thickness of the support. Banham et al. demonstrated that an increase in pore length (i.e., larger catalyst layer thickness) causes an increase in the Tafel slope [34] . The Tafel slopes in the high current density regime were in the range of 170-200 mV dec −1 (not shown). The high values (theoretical value: 120 mV dec −1 [35] ) are most likely due to the same effects that are described above. The shift in the Tafel slope due to the transition from the low to the high current density regime is commonly observed, and can be explained by different effects: (i) A change of the charge-transfer coefficient [37, 38] , (ii) different reactant adsorption mechanisms (Temkin vs. Langmuir mechanism for low and high current regimes, respectively) [35, 39] , (iii) a change in surface coverage with oxygen-containing species [40] , and (iv) further porosity related diffusion effects [41, 42] . 
Summary and conclusions
TiO 2 modified and conventional mesoporous carbon supports were synthesized and characterized by BET, XRD, TEM and voltammetry. The incorporation of TiO 2 into mesoporous carbon catalyst support materials significantly improved the durability of the Pt catalyst support composite, as was demonstrated by cyclic voltammetry. The TiO 2 induced stability enhancement effect was also observed when the ORR activities of fresh and aged catalysts were compared. A minor mass activity deterioration of 1 A g −1 Pt was measured for TiO 2 coated MC. By contrast, the ORR activity decreased by 8 A g −1 Pt for conventional mesoporous carbon, which corresponds to a deterioration of ∼44%. In summary, this study illustrates the potential benefits of incorporating TiO 2 into mesoporous carbon. It may be useful to expand the investigation and explore the impact of further varying the Ti concentration on the porous structure and the resulting ORR performance and the catalyst stability.
